Abstract An optimised and validated method for the determination of pharmaceutical residues in blue mussels (Mytilus spp.) is presented herein, as well as an investigation of the effect of cooking (by steaming) on any potential difference in human exposure risk. Selected pharmaceuticals included two non-steroidal anti-inflammatory drugs (diclofenac and mefenamic acid), an antibiotic (trimethoprim), an anti-epileptic (carbamazepine) and a lipid regulator (gemfibrozil). An in vivo exposure experiment was set up in the laboratory in which mussels were exposed either directly by injection (10 ng) or daily through spiked artificial seawater (ASW) over 96 h. In liquid matrices, pharmaceutical residues were either determined using liquid chromatography-tandem mass spectrometry (LC-MS/MS) directly, or in combination with solid-phase extraction (SPE) for analyte concentration purposes. The extraction of pharmaceuticals from mussel tissues used an additional pressurised liquid extraction step prior to SPE and LC-MS/MS. Limits of quantification of between 2 and 46 ng L −1 were achieved for extracted cooking water and ASW, between 2 and 64 μg L −1 for ASW in exposure tanks, and between 4
Introduction
Pharmaceuticals have been described as chemicals of emerging concern (CECs) due to their pseudo-persistence in the aquatic environment [1] . The ubiquitous nature of pharmaceuticals has resulted in their detection in various aqueous compartments such as surface water, groundwater and drinking water [2] [3] [4] [5] [6] [7] [8] [9] [10] . One of the main concerns surrounding pharmaceutical release into surface waters is their potential to bioaccumulate in biota. Bioaccumulation is the uptake of a chemical by an organism through a combination of water, food, sediment and air. Bioconcentration studies investigate solute uptake through water alone under controlled laboratory conditions and are an important way of assessing chemical behavior, environment impact and potential health risks to aquatic organisms.
Bioconcentration can be expressed experimentally by a bioconcentration factor (BCF), calculated as the ratio of steady state concentration of the chemical in the biotic tissue to the concentration of the freely dissolved chemical in the water to which the biotic tissue was exposed. BCFs have been previously reported for common pharmaceuticals, such as carbamazepine, diclofenac, gemfibrozil, ibuprofen and propranolol, bioaccumulated in fish during in vivo exposure [11] [12] [13] [14] [15] [16] . From these five pharmaceuticals, carbamazepine was found to have the lowest BCF with a value of less than 1 in rainbow trout [11, 16] . Few studies have investigated the bioconcentration of pharmaceuticals in aquatic biota and even fewer have documented pharmaceutical residue detection in wild species. Brooks et al. first reported the occurrence of pharmaceuticals, more specifically anti-depressants, in wild fish sampled from two effluent dominated streams in North America. Fluoxetine, sertraline and their two respective metabolites, norfluoxetine and desmethylsertraline, were detected at levels greater than 0.1 ng g −1 in all fish tissues collected [17] . Additional anti-depressants and their metabolites have been detected in similar studies carried out more recently in North America, again at low nanogram per gram concentrations [18, 19] . A national pilot study was carried out by Ramirez et al. investigating the occurrence of pharmaceuticals and personal care products (PPCPs) in fish across US rivers. Fish fillet tissues tested positive for norfluoxetine, sertraline, diphenhydramine, diltiazem and carbamazepine, while gemfibrozil and fluoxetine were detected at nanogram per gram levels in fish liver tissue [20] . In Sweden, studies on juvenile rainbow trout sampled from several effluent exposed locations revealed the presence of diclofenac, naproxen, ketoprofen and gemfibrozil in the fish plasma [21] . Other exposure studies carried out involved the caging of uncontaminated fish at effluent outfall sites for a number of days. Fick et al. exposed cages of rainbow trout at three different exposure sites for a period of 14 days. Out of the twenty five pharmaceuticals present in the effluent, 16 were detected in the fish plasma [22] . In a similar study carried out by Togunde et al. two antidepressants were detected at high nanogram per litre levels in the bile of rainbow trout exposed downstream to a Canadian wastewater treatment plant (WWTP) for 14 days [16] . As bivalves are natural filter feeders, any dissolved or suspended contaminants present in the water column may result in an ecotoxicological effect. Marine blue mussels have been found to filter approximately 1.8 L h −1 [23] and have been previously utilised in persistent organic pollutant (POP) monitoring programmes due to their high bioaccumulation capacities, fixed conditions and high populations in marine waters [24, 25] . With regard to pharmaceutical bioconcentration studies using bivalves, Le Bris et al. exposed marine mussels to two veterinary antibiotics, oxolinic acid and oxytetracycline, at 1 and 1.5 mg L −1
, respectively. Concentrations of both compounds were detected in all mussel tissues with oxolinic acid measuring highest in the gills at 0.8 mg kg −1 and oxytetracycline highest in the viscera at 1.8 mg kg −1 [26] . A more recent bioconcentration study carried out by Gomez et al. exposed marine mussels to two benzodiazepines (BZP), diazepam (DZP) and tetrazepam (TZP). Both compounds bioconcentrated within the mussel with BCF values higher for TZP, as expected for a compound with a greater logK ow value [27] . Cages of mussels have been previously set up at effluent exposure sites and used as indicators of pharmaceutical pollution. Wille et al. deployed five cages of blue mussels off the coast of Belgium and sampled tissues monthly. Over a 6-month period, five pharmaceuticals were detected in mussel tissues including salicylic acid residues measuring up to 490 ng g −1 [28] . The environmental occurrence of the antidepressant fluoxetine was investigated in samples of water, passive samplers, sediment and caged marine mussels, collected at effluent exposed stream sites in North Carolina. Fluoxetine residues in mussel tissues correlated highly with concentrations detected in the water and passive samplers [29] . Mussels also accumulated greater concentrations of fluoxetine in their tissues after 14 days than concentrations reported in fish tissues sampled from other waters impacted by municipal effluent [17, 18] . A more recent study by Li et al. detected 22 antibiotics in various mussel species collected from the Bohai Sea in China over a period of 3 years [30] . The fate and effect of pharmaceuticals in the aquatic environment still requires much further study. Of particular interest is the trophic level transfer of such contaminants through the food chain. Most raw seafood is thermally treated by cooking before consumption but, little information is available regarding the potential effects of these treatments on pharmaceutical residue content. It is known that residues of certain veterinary antibiotics in fish can resist degradation during cooking and leak from one tissue to another [31] . Uno et al. previously investigated the effect of several types of cooking procedures on antibiotic residues in crustaceans and reported residue elimination to be incomplete, with removal levels measuring between 20 and 60 % in the muscle and shell [32] [33] [34] [35] . The presence of pharmaceuticals in seafood may act as risk to the consumer either through direct effect or indirectly through potential PPCP-mediated, anti-microbial resistant species. It is therefore of interest to determine any bioconcentration and bioaccumulation potential of pharmaceuticals in aquatic organisms and investigate if cooking will decrease pharmaceutical residues to negligible levels, in the event that pharmaceuticals are present in the raw seafood.
The objectives of this study were to develop and validate analytical methods for the quantitation of pharmaceuticals in artificial seawater (ASW) and marine blue mussels. Based on sales data for Ireland [36] and the UK [37] and previous reports of pharmaceuticals detected in Irish effluent [38] , five pharmaceuticals from four different therapeutic classes were selected for this study. These included an anti-epileptic (carbamazepine), two NSAIDs (diclofenac and mefenamic acid), a lipid regulator (gemfibrozil) and an antibiotic (trimethoprim). The chemical structures of these compounds and their physicochemical properties are given in Table 1 [21, 39] . A preliminary experiment was set up whereby marine mussels were exposed in vivo to the pharmaceutical mix via direct injection or water exposure. The developed methods were applied to the ASW and marine mussels sampled from this exposure and the pharmaceutical uptake in the blue mussel from both routes of exposure was investigated. Following the steaming of 96-h-exposed mussels, the net changes of pharmaceutical residues in the mussel tissue after cooking were examined. Sampling locations, procedures and exposure conditions Blue mussels were collected in July 2011 from a pristine site in the west of Ireland (Lettermullan, Co. Galway). The animals chosen for this study were of the same size class (4-6 cm) and were between summer spawning periods. The mussels were transported back to the laboratory in a cooler box, wiped free of debris and seaweed and acclimatised over 3.5 days in a large tank of ASW consisting of Peacock Seamix ASW (NaCl 65.5 %, MgSO 4 8.25 %, MgCl 2 6 %, CaCl 2 3 %, KCl 1.6 %, insolubles 0.05 %, H 2 0 15.6 %) dissolved in dechlorinated tap water to a salinity of 33 ppt at 13°C (±1°C). Preliminary experiments were set up in four silanised glass tanks (15 L total volume) containing ASW under semi static conditions (24 h ASW renewal). Mussels were exposed to 1 mg L −1 of a pharmaceutical mixture via direct injection into the haemolymph of the mussel or via water uptake. Each tank was supplied with an air stone to maintain dissolved oxygen concentrations and covered with a black plastic cover. For the direct injection exposure, 10 ng of a pharmaceutical mix was injected into the adductor muscle of the mussel (using a 1 mg L −1 standard in DMSO) following the protocol described by Schmidt et al. [40] . For the water uptake exposure, mussels were exposed to 1 mg L −1 of each of the pharmaceuticals with water replenishment and fresh chemical addition occurring daily. To fortify 10 L ASW at this concentration, 1 mL of the 10,000 mg L −1 stock solution was added directly into the exposure tank on Day 1. The volume of ASW and stock solution added to the tank for days 2, 3 and 4 were reduced to 6,666 and 0.66 mL, respectively, to compensate for the reduction in mussels sampled after 24 h of exposure (t 24h ) and maintain the same volume of ASW per mussel throughout the experiment. The mixture was stirred immediately with a glass rod for ∼1 min to hasten equilibration of pharmaceuticals throughout the tank. Forty mussels were attached to two tiles and placed at the bottom of each tank after spiking and the pH recorded as 7.95±0.02. Solvent control tanks were prepared in parallel with each exposure with DMSO concentrations corresponding to those used in the exposures. Tanks were supplied with fresh ASW daily and spiked as necessary. Mussels were not fed during acclimatisation and exposure. Water temperature and salinity were measured (WTW Cond 1970i meter with a TetraCon 325 probe) at the mussel collection site and for each exposure tank daily. The experiment was carried out over 96 h and conducted under 10 h of light per day. ASW (500 mL) was sampled from the acclimatisation tank before the exposure commenced and from each tank (1.5 mL) at t 1h , t 24h and t 96h of the exposure. The concentration of compounds in water over a 24-h period was monitored during Day 2 of the water exposure experiment. ASW (1.5 mL) was collected in silanised amber vials at t 2min , t 1h , t 3h , t 7h and t 19h and frozen immediately at −20°C until analysis. At t 2min , t 24h and t 96h , mussels were sampled from each tank, de-shelled and the visceral mass was dissected and frozen at −80°C. For statistical analysis, 10 mussels were sampled from each tank at t 2min and again at t 24h and 20 mussels were sampled at t 96h . The frozen visceral mass collected at t 96h was halved and allowed to defrost at room temperature. Following a basic cooking recipe, mussels were steamed in approximately 50 mL of deionised water in a silanised glass pot at 100°C for 15 min, removed and allowed to cool [41] . Cooked mussels were frozen again at −80°C until analysis. The remaining cooking water was diluted up to 250 mL before SPE and liquid chromatography-tandem mass spectrometry (LC-MS/ MS) analysis.
Sample pre-treatment, extraction and clean-up
Glassware preparation and silanisation
All glassware, including the exposure tanks, were pre-cleaned with 50:50 (v/v) methanol/water solution and silanised using a 10 % (v/v) dichlorodimethylsilane solution in dichloromethane. This was followed by two rinses with dichloromethane, methanol and deionised water, respectively, in that order. Glassware was cleaned with 50:50 solution of methanol/water followed by 100 % deionised water between silanisation washes.
Dechlorinated artificial sea water and deionised water
The SPE method used was previously developed by Lacey et al. [38] and adapted for the determination of pharmaceuticals in ASW sampled from the acclimation tank (500 mL) and deionised water used for cooking (500 mL). Briefly, samples were first filtered through a 1.2 μm glass fibre filter (GF/C diameter 70 mm, Whatman, Kent, UK) and adjusted to pH 4 using sulphuric acid. For the extraction of pharmaceuticals, Strata-X cartridges (6 mL, 200 mg, Phenomenex, Cheshire, UK) were first conditioned with 6 mL methanol and 6 mL Milli-Q water before loading of the sample (500 mL). Cartridges were then rinsed with 6 mL of Milli-Q water and dried for 30 min. Sample extracts were eluted with 3×3 mL ethyl acetate/acetone (50:50) and dried under nitrogen while heated to 40°C with a Turbovap LV (Zymark Corporation, Hopkington, MA, USA). Samples were reconstituted in 250 μL of 13 mM ammonium acetate with 20 % acetonitrile and then filtered with 0.2 μm polyvinylidene fluoride (PVDF) syringe filters (Whatman, Kent, UK) before LC-MS/MS analysis. ASW samples (1.5 mL) collected from each of the exposure tanks were filtered with 0.2 μm PVDF syringe filters and analysed directly by LC-MS/MS. Reconstituted cooking water (25 μL) was diluted ten-fold in starting mobile phase before analysis. All samples were stored at −20°C before analysis.
Mussel tissue
Previously developed methods for solids extraction were investigated and tailored further for the analysis of pharmaceuticals in marine bivalves [28, 38] . Prior to extraction, both cooked and uncooked mussels were frozen at −80°C, freezedried, homogenised and sieved to 125 μm. Pressurised liquid extraction (PLE) was performed on a Dionex ASE® 200 Accelerated Solvent Extractor (Dionex Corp., Sunnyvale, CA, USA). A cellulose filter (19.8 mm, Dionex Corp.) was placed on the bottom of a 33-mL stainless steel extraction cell. Each cell was filled with 20 g of activated neutral aluminium oxide (Sigma-Aldrich, Steinheim, Germany). A mixture of 1 g of freeze-dried biotic sample with 10 g of Ottawa sand (20-30 mesh, Fisher Scientific, Cheshire, UK) was placed on top of the aluminium oxide and the remaining dead volume of the cell was filled with sand. A combination of acetonitrile/water (3:1) was used as the extraction solvent. Extraction was carried out at 60°C for three cycles of each 5 min. The solvent extracts (≈55 mL) were dried under nitrogen while heated to 40°C with a Turbovap LV to a final volume less than 10 mL and further diluted to 200 mL with Milli-Q water (uncooked mussel extracts (n =26, pH=6.5±0.3) and cooked mussel extracts (n =4, pH=6.9±0.1)). Solid-phase extraction and sample reconstitution was carried out as described above before LC-MS/MS analysis.
Instrumental conditions
Separations were carried out with an Agilent 1200 LC system (Agilent Technologies, Palo Alto, CA, USA) consisting of a binary solvent manager, autosampler, UV detector and Waters Sunfire C 18 column (3.5 μm 150×2.1 mm I.D., Waters Corp., MA, USA). A Waters Sunfire C 18 pre-column was also used to prevent the rapid deterioration of the column when used with such complex samples. Mobile phases were 80:20 v/v 13 mM ammonium acetate in water/acetonitrile (A) and 100 % acetonitrile (B) with a flow rate of 0.3 mL min −1 and a gradient profile as follows: 0-2 min was 100 % A; 2-3 min B was raised to 50 %; 3-9 min B was raised to 80 % and then adjusted to 100 % for a further 5 min. Re-equilibration time was 15 min and injection volumes were 10 μL. A Bruker Daltonics HCT ion trap mass spectrometer equipped with an atmospheric pressure interface-electrospray ionisation (API-ESI) source was used for pharmaceutical identification and quantification. Nitrogen, used as a nebulising and desolvation gas, was provided by a high purity nitrogen generator, available on site through tap, and helium (99.999 %) (Air Products Plc, Crewe, UK) was used as a collision gas. The LC-MS/MS system was controlled using Bruker Compass HyStar version 3.2. Mass spectrometric analysis was carried out in product ion scanning mode, measuring the fragmentation of the ions produced from each analyte. Selected transitions were monitored for the quantification and confirmation of each analyte, shown in Table 1 . The fragmentation amplitude was set at 0.5 in negative mode and 0.6 in positive mode with isolation width set at 2.0 m/z for all analytes. The optimal mass spectrometric conditions (Table 2) were determined by direct infusion using a Cole-Parmer 74900 Series syringe pump set to deliver 300 μL h −1 of analyte solution from a 500 μL glass syringe. The nebuliser pressure and drying gas flow were increased slightly after optimisation to account for the higher flow rates set for sample analysis.
Method validation
Quantities of linearity, limit of detection (LOD), limit of quantification (LOQ), percentage recovery, ion suppression and precision (both instrumental and method) were investigated for all target ions allowing for reliable confirmation of analytes. Instrumental linearity was evaluated using linear regression analysis measuring peak height versus concentration. Deionised water and ASW (500 mL, n =36) were spiked with pharmaceuticals for n =12 concentrations between 5 and 5,000 ng L −1
. For ASW (1.5 mL) collected from each tank during the exposure, ASW (n =36) was spiked at concentrations measuring from 5-5,000 μg L −1 . Marine mussels (1 g, n =36) were spiked with a standard mixture resulting in final concentrations of 5-5,000 ng g −1 of each pharmaceutical.
LOD was determined by the lowest concentration of an analyte which produced a signal to noise ratio of approximately 3:1. LOQ was determined as the analyte concentration to give a signal to noise ratio of 10:1. Both LOD and LOQ were calculated using the signal to noise ratio of three low level spiked samples (n =9). Instrumental retention time precision was carried out for n =11 replicate injections of a 1 mg L −1 standard and n =6 replicates of the same standard used to determine peak height precision. Precision and reproducibility studies were carried out by spiking sample matrices (n =6) pre-extraction to concentrations of 0.5 μg L −1 for deionised water and ASW (500 mL) and 0.25 μg g −1 for marine mussels.
Percentage recoveries were calculated using this data by comparison to final extracts of the unspiked matrix (n =3) reconstituted in 250 μL of mobile phase A containing the expected 100 % recovery concentration. Ion suppression and enhancement was also investigated by comparing the sample extracts spiked post-extraction to a 1 mg L −1 analyte mixture prepared in mobile phase A. For ASW, linearity, precision and ion suppression was calculated for each pharmaceutical as described above. None of the target analytes were detected in solvents, reagents, Milli-Q water, ASW or marine mussel tissue (sampled from Lettermullan, Co. Galway) used for these validation studies. All standard measurements were carried out in triplicate unless otherwise stated.
Results and discussion

Sample preparation
Few studies to date have investigated the presence of pharmaceutical concentrations in marine species such as blue mussels [28, 42] . Soxhlet extraction methods have been replaced by alternative methods which use significantly less volumes of organic solvent such as PLE and microwave-assisted extraction (MAE). Several recent studies have utilised PLE to investigate the presence of pharmaceuticals in soil, sediment and sewage sludges [43, 44] . This technique was selected and used in conjunction with a modified SPE method previously developed for pharmaceutical extraction from effluent [38] . Prior to PLE, the freeze-dried biotic tissue was ground with a pestle and mortar and sieved to a particle size of approximately 125 μm. Smaller particle size allows for greater surface area exposure and shorter diffusion distances of analytes from sample to extraction solvent [45] . Larger sample remains (≤20 %), unable to pass through the sieve, were discarded. Freeze-dried cooked mussel tissue weighed approximately 20 % less than freeze-dried uncooked mussel tissue, however, greater amounts of uncooked mussel samples remained in the sieve and were discarded (10-20 %). For PLE optimisation, different extraction solvents were tested initially (1:1 methanol/water, 1:1 methanol/water with 1 % formic acid, 1:1 acetonitrile/water, 3:1 acetonitrile/water, 3:1 acetonitrile/ water with 1 % formic acid). A mixture of 3:1 acetonitrile/ water provided the best recovery. Second, the optimal temperature (60-80-100°C), static time (5-10 min), and number of cycles (2-3) were investigated. Three cycles of 5 min were found to be optimal for the extraction of the target analytes. Slightly higher recoveries were observed for all compounds, particularly at 60°C compared to 100°C. The flush volume was also evaluated starting at the manufacturers recommendation of 60 % and increasing to 100 % which showed higher recoveries overall. Next, the addition of Al 2 O 3 to the extraction cell was evaluated. Al 2 O 3 inhibits the co-extraction of lipids and other hydrophobic matrix constituents and was tested by addition of various quantities (10-15-20 g ) to the cell. Cleaner abstracts were obtained with the higher quantity of 20 g of Al 2 O 3 added to the cell. For fine powdery samples, such as freeze-dried biotic tissue, it is recommended to mix the sample with dispersion agents such as diatomaceous earth and sodium sulphate in order to prevent clogging and allow for improved contact between the analyte and solvent [46] . Therefore, various quantities of Ottawa sand (2.5-5-10 g) were pre-mixed with the sample and transferred to the cell which was then filled to the top with sand. The higher the quantity of sand mixed through the sample, the slightly higher recovery of analytes observed, therefore, 10 g of sand was mixed with the samples. The sample mass itself was tested by analysing homogenized and sieved freeze-dried biotic tissue (0.5-1-2 g) spiked at 250 ng g −1
. Golet et al. [47] found that increasing the sample size of soil and sewage sludge samples resulted in lower analyte recoveries and turbid extracts, explaining why cleaner extracts with higher analyte recoveries were achieved with 1 g of sample in comparison to 2 g.
Due to the complexity of biotic samples, further clean-up was required following PLE in order to achieve low matrix interference. Extraction of pharmaceuticals from aqueous extracts is most commonly carried out using SPE. Strata-X SPE cartridges have previously been used for the extraction of acidic, basic and neutral pharmaceutical mixes in effluent, surface waters and marine mussels [28, 38, 48] . The analytical method previously established by Lacey et al. [38] was revalidated here for the determination of pharmaceutical residues in marine mussels. Minor adjustments were made to assess any improved method performance including SPE eluting/reconstitution solvent, LC run time, mobile phase composition and gradient conditions. Higher recoveries have been reported for saline samples such as sea water when using larger post-load washing volumes [7, 49] but, when evaluated, there was no overall increase in recovery with washing volumes greater than 6 mL. Eluting solvents were also reinvestigated here as a means of increasing percentage recovery of analytes from a more complex matrix and in comparison to methanol, 50:50 (v/v) ethyl acetate/acetone exhibited marginally higher recoveries on average. Satisfactory performance data was obtained by replicating the Lacey et al. [38] method with the addition and minor alteration of these steps.
Analytical method development
Due to the limited volatility of the investigated analytes and their polar nature, which would require derivatisation prior to analysis with gas chromatography-mass spectrometry (GC-MS), LC-MS/MS was the method of analysis chosen for this study. For pharmaceutical analysis using reversed-phase highperformance liquid chromatography (RP-HPLC), water and acetonitrile are commonly used mobile phase solvents. Additives (in this case ammonium acetate) are normally used to facilitate efficient ESI through increasing ionic strength. A 13 mM ammonium acetate solution in a mixture of acetonitrile and water was selected as a suitable mobile phase. Separate analyses using negative and positive ionisation modes were employed to maximise peak definition and quantitative reliability. Direct infusion of each standard was carried out initially in full scan mode to determine an abundant precursor ion.
In negative mode ESI-MS, [M-H]
− , precursor ions were produced for diclofenac, gemfibrozil and mefenamic acid and [M+H] + precursor ions were produced for carbamazepine and trimethoprim in positive mode ESI-MS. Product ion scanning was carried out under both positive and negative ion modes, yielded MS/MS data for all observed analytes (Table 1) . Extracted ion chromatograms of pharmaceuticals, occurring at their highest concentrations in water exposed marine mussels, are shown in Fig. 1 .
Instrumental and method performance for ASW and mussel matrices
Upon investigation of instrumental precision, retention times varied ≤1 % for all analytes. Despite high levels of salt in the ASW matrix, correlation coefficients of greater than 0.990 (n ≥ 8) were achieved for all analytes over the ranges of 10 to 2, 500 ng L −1 in negative ESI-MS/MS mode and 5 to 1,000 ng L [7] . The % recovery of each analyte using the combined SPE and LC-MS/MS method was then assessed. These ranged from 78 to 98 % in deionised water and 45 to 87 % in ASW for n =6 replicates of a 1 μg L −1 standard mix (RSD<13 %) ( Table 3 ). An . Ion suppression ranged from 7 to 26 % for all pharmaceuticals except gemfibrozil, which underwent a signal enhancement of 6.8 %.
Marine mussels (1 g, n =36) were spiked in the extraction cell, after mixing with sand, with a standard mixture resulting in final concentrations of 5, 10, 25, 50, 75, 100, 250, 500, 750, 1,000, 2,500 and 5,000 ng g −1 of each pharmaceutical. Using ) working standards made up in methanol, the solvent volume added to the mussel sample measured <250 μL. Linearity was achieved for analytes in negative mode from 10 to 5000 ng g −1 (R 2 >0.990) and in positive mode from 5 to 2500 ng g −1 (R 2 >0.985). All analytes were quantifiable at concentrations of between 4 and 29 ng g . These validation results are comparable to previously reported results for the same and similar pharmaceuticals investigated in marine mussels [28, 42] and other solid matrices such as sludge [43] and fish [50] (Table 4) . Method recoveries were in the range of 83 to 104 % with precision varying <20 % for n =6 replicates of a 250 ng g −1 standard mix. Signal suppression ranged from 25 to 56 % for analytes in marine mussel tissue with the signal for gemfibrozil again exhibiting the greatest suppression.
Validation results for individual pharmaceuticals in deionised water, ASW and mussel tissue are shown in Table 3 . In order to minimise the matrix effect on the quantification of ions, calibration curves were prepared in each sample matrix and ran before and after each series of samples. For quality control of the method, an injection of starting mobile phase was run between each sample with no carry over observed.
Application to marine mussels exposed in vivo via direct injection or water exposure
The developed methods were applied to the identification of pharmaceutical residues in marine mussels and ASW collected during a preliminary 96 h in vivo exposure. Ten mussels and 1.5 mL aliquots of ASW were sampled from each of the four tanks at t 2min , t 24h and t 96h in an attempt to evaluate the potential of selected pharmaceuticals to bioconcentrate within Fig. 1 Extracted ion chromatograms of the most concentrated occurrence of pharmaceuticals in the water exposed marine mussel samples the tissues of mussels over time. Five 1.5 mL aliquots of ASW were also collected from the water exposure tank over 19 h to investigate any reduction in pharmaceutical concentration over time. Due to small sample volumes, marine mussel samples were analysed in duplicate and ASW samples were determined via triplicate injections on the LC-MS/MS. This preliminary exposure experiment was carried out to ascertain any possibility for pharmaceutical uptake by mussels through direct injection and water exposure. For the direct injection exposure, pharmaceutical concentrations of ∼10 ng (using a 1 mg L −1 standard in DMSO) were injected into the adductor muscle of the mussel, as previously described [40] . No pharmaceuticals were detected in the injected mussel tissue or ASW. This may be due to the natural detoxification abilities of mussels, but is more likely to be related to the method detection limits given the concentration administered. Therefore, larger pharmaceutical concentrations than normally observed in environmental waters [7, 51] were exposed to the mussels in the water tank to ensure analytical method measurement reliability. Environmental exposure to pharmaceutical concentrations >1 mg L −1 are generally considered rare, but have been previously reported in effluent from an Indian WWTP serving several drug manufacturers [52] . Upon fortification with pharmaceuticals, most analyte concentrations did not reach equilibrium in the ASW until ∼3 h after spiking. That said, after this initial stabilising period, concentrations were significantly less than the spiking level and continued to decline over time (Fig. 2) . Therefore, and as tanks were silanised before use, reduced pharmaceutical concentrations are most likely due to a combination of uptake within the mussels, photolysis, microbial transformation and sequestration via sorption to the mussel shell, although this is difficult to determine definitively. No pharmaceutical residues were detected in the mussels and ASW collected from the acclimation tank and solvent control tanks. As can be deduced from Table 5 , all pharmaceuticals were detected in the mussel tissues sampled from the water exposure tank from as soon as 2 min post-exposure. Mussels were originally placed on tiles in the acclimation tank and directly transferred to the exposure tank with minimum handling, where they were observed to have their siphons extended almost immediately, indicating feeding activity. It is generally assumed that organic compounds with logK ow ≥3 have the potential to bioconcentrate within biotic tissues [53] . However, bioconcentration depends on numerous factors 
Compound
Deionised water Artificial sea water (500 mL) Artifical sea water (1.5 mL) Marine mussels (dry weight) [55] [56] [57] . Due to the ionisable nature of most pharmaceutical compounds, logD ow is a more reliable quantity in this scenario when determining bioconcentration.
With a logD ow value of −0.72, trimethoprim is mostly ionised under experimental conditions but, surprisingly, was found to be the most bioconcentrated pharmaceutical detected in the mussel tissue at the end of the 96 h exposure. On the contrary, gemfibrozil has a logD ow value of 0.41 and was the least concentrated pharmaceutical measured in the mussel tissue at t 96h . Similarly, diclofenac and mefenamic acid also display positive logD ow values and were poorly bioconcentrated in the mussel tissue. Low bioavailability due to limited solubility or adsorption to shell surfaces for less polar compounds may be one reason for this observed trend in results. There is also the possibility that the pharmaceuticals were detoxified and metabolised at different rates and transformed within the mussel itself and therefore immeasurable using this SRMbased method. The metabolism of pharmaceuticals in mussels has not been previously studied in great detail, but in the case of fish, both phase I and II metabolism have been found to occur [58] . In a study carried out by Lahti et al., acyl glucuronide metabolites of three acidic compounds (diclofenac, ibuprofen and naproxen) were detected in the bile of exposed rainbow trout at concentrations greater than the unmetabolised compounds [58] . Acyl glucuronates are reactive electrophilic metabolites, responsible for the biotransformation and elimination of carboxylic acid-containing drugs [59] . From the selected pharmaceuticals in this study, diclofenac, gemfibrozil and mefenamic acid contain carboxylic acid moieties and are primarily released in their acyl glucuronated form in the bile of humans, rats and fish [58, [60] [61] [62] . If mussels share similar metabolic pathways to fish, this may explain the lower concentrations of the three carboxylic acid-containing parent compounds detected in the mussel tissue sampled at t 96h . A glucuronidated metabolite cleaving enzyme, β-glucuronidase, has been previously extracted from marine molluscs, such as the large periwinkle (Littorina littorea) and the limpet (Patella vulgata), suggesting the presence of phase II enzymatic activity in invertebrates [63] . Exposure to two of these drugs (diclofenac and gemfibrozil) was found to significantly increase expression of the phase II detoxification enzyme glutathione S-transferase (GST) in marine and freshwater mussels at environmentally relevant concentrations [40, 64] . An overall reduction in mussel residues was observed for all pharmaceuticals except trimethoprim after 96 h. A reported study carried out by Le Bris et al. [26] highlighted the ability of blue mussels to bioaccumulate two antibiotics, oxytetracycline (OTC) and oxolinic acid (OA) over an 8 h in vivo exposure. Reductions in concentrations during exposure were observed between 6 to 8 h for OTC in the viscera and gills and between 2 to 4 h for OA in the gills. The mussels may have undergone a detoxification process whereby the rate of elimination is greater than the rate of uptake, resulting in an overall loss in contaminant concentration within the mussel. As mentioned previously, metabolism within the mussel must also be considered. An in-depth metabolic pathway study in the mussel model is required to account for any definite losses through biotransformation.
Effect of cooking on pharmaceutical residues in mussel tissue
The steaming of the water exposed mussels resulted in an overall increase of pharmaceutical concentrations in the mussel tissue and cooking water (Table 6 ). Diclofenac, gemfibrozil and mefenamic acid residues in the mussel tissue increased by more than a factor of 20 and in the case of mefenamic acid, concentrations increased from 1.6 μg g −1 in the raw mussel to 89.5 μg g −1 after cooking. The basic compound, trimethoprim, was the only pharmaceutical to undergo a reduction of 23 %, similar to results for other antibiotics, such as oxytetracycline (OTC) and oxolinic acid (OA), which were reduced in shrimp muscle after baking [33, 34] . Carbamazepine, a neutral compound, underwent the least change in concentration, with an increase of 12 % after cooking (Fig. 3) . Previous work in our laboratory has shown that temperatures of 450°C in activated sludge treatment drying processes perform only moderate transformation of this pharmaceutical residue in particular [43] . It also showed remarkable stability in soils during a 2-week leaching experiment [65] . Interestingly, increases in concentrations after cooking were only observed for acidic compounds.
Significant increases in the production of GST in mussels exposed to low concentrations of acidic pharmaceuticals (gemfibrozil and diclofenac) [40, 64] suggests a strong possibility of metabolic activity within the mussels. As previously mentioned, acidic compounds were found to undergo high rates of biotransformation to their glucuronated metabolites in fish bile [58] . Although not an acidic compound, carbamazepine has been found to undergo primary amine glucuronidation in human tissues [66] and trimethoprim metabolites were subsequently conjugated with glucuronides in metabolic studies carried out in pigs [67] . Glucuronides are generally stable and can undergo deconjugation experimentally by harsh enzyme or chemical digestions but, in the case of acyl glucuronides in particular, these display instability (via cleavage) at mild temperatures and hydrolysis at pH>5 [59, 68, 69] . The observed increases in concentration of diclofenac, gemfibrozil and mefenamic acid in the cooked mussels may be as a result of the reconversion of acyl glucuronides to the parent compound after such thermal treatment. However, this would need to be confirmed in further studies as these metabolites were not available to analytical grade standards. The increase in concentration of carbamazepine observed in the mussel tissue after cooking was very low in comparison to the more acidic pharmaceuticals; however, this may be due to the higher stability of the formed amide linkage in n-glucuronides in comparison to the more reactive ester linkage in acyl glucuronides [70] . The reconversion of glucuronised parent compounds has been observed previously for estrogens following activated sludge Fig. 3 Pharmaceutical concentrations (in microgram per gram on dry weight basis) detected in mussel tissue extracts before (n =2) and after cooking (n =2). Water exposed mussels sampled at t 96h were steamed and compared to uncooked mussels also sampled at t 96h treatment in WWTPs [71] . The presence of glucuronidase activity during secondary treatment is considered a rational explanation for the increase in concentration of numerous pharmaceuticals, including carbamazepine, in the discharged effluent of WWTPs [72] . Previous studies investigating the effect of cooking on pharmaceuticals have only determined veterinary antibiotics, such as OTC, OA and flumequine, directly exposed to farmed crustaceans and fish via medicated feed, with reported reductions, if any, less than 60 % after cooking [31] [32] [33] [34] [35] [73] [74] [75] . No previous studies on the effect of cooking on human pharmaceuticals in biological tissue exist. Other environmental contaminants, such as metals, hexachlorobenzene (HCB) and polycyclic aromatic carbons (PAHs), have been measured in fish, specifically hake, and mussel tissues at increased levels after undergoing several cooking processes [76] [77] [78] .
As shown in Table 6 , all pharmaceuticals were detected in the cooking water after steaming indicating leakage or extraction from the mussel tissue when heated. Carbamazepine and trimethoprim had the highest concentrations detected in the cooking water at 5.2 and 4.4 μg g −1 wet weight, respectively, consistent with their lower logK ow values. This is not entirely unsurprising as water displays similar properties to organic solvents when heated under pressure to subcritical point (100-374°C) and has been previously used as an extraction solvent for various environmental contaminants such as PAHs, polychlorinated biphenyls (PCBs) and pesticides [79] . Therefore, the presence of less polar pharmaceutical residues in the cooking water might be expected.
Conclusions
In this study, PLE and SPE-LC-MS/MS methods were optimised and validated for the identification and quantification of five pharmaceuticals popularly prescribed in Ireland, in deionised water, ASW and Mytilus spp. tissues. Linearities in each matrix were above 0.975 and LOQs varied between 2 and 46 ng L −1 for extracted cooking water and ASW, between 2 and 64 μg L −1 for unprocessed ASW, and between 4 and 29 ng g −1 dry weight in Mytilus spp. tissues. Application of these analytical methods to samples collected from a 96 h in vivo exposure, investigating the uptake of pharmaceuticals in mussel tissues, revealed the bioconcentration of selected pharmaceuticals in water exposed mussel tissue only, at up to 21.7 μg g −1 dry weight. Domestic cooking by steaming resulted in an increase in pharmaceutical residues in the contaminated mussel tissue and cooking water. Mussels were exposed in vivo to pharmaceutical concentrations approximately 1,000 times greater than those detected in marine surface waters but, the increase of pharmaceuticals in cooked mussels and cooking water at lower levels is plausible and warrants further investigation. The potential risk of pharmaceutical exposure to humans through the food chain exists but, this risk cannot be evaluated at present due to lack of pharmaceutical exposure risk assessments carried out on aquatic organisms and humans.
